Abstract. Balloon-borne water vapour measurements during January and February 2004, which were obtained as part of the LAUTLOS campaign at Sodankylä, Finland, 67 • N, were used to analyse the water vapour distribution in the wintertime Arctic lowermost stratosphere. A 2.5 km thick layer (or 30 K in the potential temperature scale) above the tropopause is characterized by a significant water vapour variability on a synoptic timescale with values between stratospheric and tropospheric, which is in good agreement with previously reported measurements. A cross-correlation analysis of ozone and water vapour confirms that this layer contains a mixture of stratospheric and tropospheric air masses. Some of the flights sampled laminae of enhanced water vapour above the tropopause. Meteorological analyses and backward trajectory calculations show that these features were related to filaments that had developed along the flanks of cut-off anticyclones, which had been active at this time over the Northern Atlantic. The role of the filaments was however not to transport water vapour from the troposphere to the stratosphere but rather to transport it within the stratosphere away from regions where intensive two-way stratospheretroposphere exchange (STE) was identified. Intensive STE occurred around cut-off anticyclones in regions of strong winds, where calculations suggest the presence of clear-air turbulence (CAT). Evidences that CAT contributes to the troposphere-to-stratosphere transport (TST) are presented. However, statistically, relation between TST and CAT during the studied period is weak.
Introduction
Water vapour is a very important gas for the radiative state of the upper troposphere-lower stratosphere (UTLS) region. Calculations by Forster and Shine (2002) indicate that water vapour trends reported by Oltmans et al. (2000) may have resulted in a cooling of the lower stratosphere of 0.8 K over two decades. Water vapour is also crucial for the chemical balance of the UTLS region through its role as a source of the hydroxyl radical (Esler et al., 2001) , which is the main oxidant in the atmosphere. Therefore, a correct prediction of future climate requires a detailed knowledge of the water vapour distribution in the UTLS as well as the mechanisms regulating it.
Air enters the stratosphere mainly in the tropics and, therefore, processes at the tropical tropopause are of primary importance for our understanding of the water vapour distribution in the entire stratosphere. However, in the extratropics water vapour in the first few kilometres above the tropopause is largely controlled by extratropical troposphereto-stratosphere transport (TST) (Dessler et al., 1995; Hintsa et al., 1998) . This transport is either quasi-isentropic in the vicinity of the jet streams (Hoerling et al., 1993) , or diabatic inside of convection (Poulida et al., 1996) . As a result, a mixing layer consisting of stratospheric and tropospheric air forms above the tropopause (Ray et al., 1999; Fischer et al., 2000) . Satellite measurements of water vapour provide a global picture of its distribution in the lowermost stratosphere and are able to describe seasonal and interannual variations (see Chiou et al., 1997; Pan et al., 1997; Nedoluha et al., 2002; Randel et al., 2001 Randel et al., , 2004 , and references therein). However, since satellites have a limited spatial resolution, detailed process studies in the UTLS region can be based on in situ measurements only.
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Several water vapour in situ campaigns have been performed in the Arctic Ovarlez, 1991; Ovarlez and Ovarlez, 1994; Vömel et al., 1997) , but only few have concentrated on the processes in the Arctic lowermost stratosphere. Murphy et al. (1990) and Schiller et al. (1999) detected ice saturation at the winter Arctic tropopause in aircraft observations. Pfister et al. (2003) used aircraft measurements during the SOLVE campaign 1999/2000 and estimated the vertical extent of the water vapour TST in the Arctic. Krebsbach et al. (2006) analysed the seasonality and variability of water vapour in the lowermost stratosphere within the broad latitude belt of 30 • N to 80 • N using aircraft measurements from the SPURT project.
This paper presents balloon borne water vapour measurements obtained during the Lapland Atmosphere-Biosphere Facility (LAPBIAT) Upper Tropospheric Lower Stratospheric Water Vapour Validation Project (LAUTLOS-WAVVAP) . This data set provides a suitable statistical basis to study the water vapour variability on synoptic time scales. Results related to polar vortex dynamics are discussed in Maturilli et al. (2006) . This present study concentrates on the tropopause region and its main purpose is to present a detailed case study of transport processes contributing to the formation of a mixing layer above the tropopause in the winter Arctic. Attention is given to filamentation around upper level cut-off anticyclones since this process was linked to layers of enhanced water vapour in the lowermost stratosphere observed in several profiles during the campaign. The paper starts with a description of the data set and the tools used in this study. The distribution of water vapour in the lowermost stratosphere during the campaign is analysed in different vertical coordinates. Case studies demonstrate the effects of transport associated with filamentation of upperlevel cut-off anticyclones on the water vapour distribution. Cross-tropopause fluxes (CTF) are calculated to identify locations of stratosphere-troposphere exchange (STE) during the campaign. Contribution to STE of clear-air turbulence (CAT) diagnosed by a turbulence index is considered.
Data sets and tools
The LAUTLOS campaign took place from 29 January 2004 to 27 February 2004 • N, 26.6 • E, and was aimed at the intercomparison of lightweight balloon borne instruments (Suortti et al., 2007 1 ). For this purpose, several water vapour instruments were launched onboard the same balloon payload. Here, we use water vapour measurements obtained by the FLASH-B instrument, which provided the largest number of successful water vapour profiles in the lowermost stratosphere.
The FLASH-B instrument was developed at Central Aerological Observatory, Russia for balloon-borne water vapour measurements in the upper troposphere and stratosphere (Yushkov et al., 1998 (Yushkov et al., , 2000 . The instrument is based on the fluorescent method. It uses the photodissociation of the H 2 O molecules that are exposed to vacuum ultraviolet radiation at a wavelength of 121.6 nm (Lyman-alpha hydrogen emission). The fluorescence of exited OH radicals in the range of 306-314 nm is detected by a photomultiplier run in photon counting mode. For stratospheric conditions the intensity of the fluorescent light sensed by the photomultiplier is directly proportional to the water vapour mixing ratio. The instrument is calibrated in the laboratory before the flight. The calibration is performed using the vacuum chamber where humidity is measured using commercial reference dew point hygrometer MBW 373L. The accuracy of the FLASH-B instrument is determined by the calibration error estimated as 4% in the 3-100 ppmv range. The measurement precision is 5.5% calculated for 4 s integration time at stratospheric conditions. The total uncertainty of the measurement is less than 10% at the stratospheric mixing ratios greater than 3 ppmv. Altogether, 11 water vapour profiles have been obtained by the FLASH-B between 29 January 2004 and 27 February 2004. Only descent data, which avoid balloon contamination, are used here.
The NOAA/CMDL frost point hygrometer, which has the longest record of stratospheric water vapour observation at Boulder, CO (Oltmans et al., 2000) , was used as reference instrument. This instrument uses two different sensitivity regimes: a lower setting, which allows the instrument to measure tropospheric water vapour, and a higher setting, better suited for stratospheric measurements. During LAUTLOS, the sensitivity change typically occurred in the lowermost stratosphere causing some data loss in this region (Vömel et al., 2007) . The simultaneous measurements showed excellent agreement between FLASH-B and NOAA/CMDL instruments, with a mean deviation of −2.4±3.1% (1 σ ) for data between 15 and 25 km (Vömel et al., 2007) and the results are therefore independent of the choice of instrument.
Ozone was measured using ECC ozonesondes connected to the NOAA/CMDL frost point hygrometer flying on the same payload as FLASH-B. The ECC sensor is significantly slower than FLASH-B and to correct this sensor delay, the ozone signal in all profiles was advanced by 30 s as part of the analysis. This time lag corresponds to a sensor response time at a sensing solution temperature of about 278 K (Bethan et al., 1996) . However, the effect of the relatively long response time is not only to delay the signal, but also to integrate it in space. This might be taken into account in the interpretation of the results that rely on the simultaneity of water vapour and ozone measurements, although the effect is not expected to be significant.
For back-trajectories and cross-tropopause flux estimations the trajectory model described by Lukyanov et al. (2003) is used. The trajectories are calculated in spherical Fig. 1 as a function of different vertical coordinates. Figure 1a shows the water vapour mixing ratio (WVMR) as a function of potential temperature (θ ). Studying potential temperature is not very useful for water vapour transport between the troposphere and the stratosphere, since it gives no information about the location of the tropopause. However, it is a natural way to put the data into context of the general circulation as well as to provide a suitable reference for comparison with other water vapour measurements. This figure shows that the highest level where noticeable flight-to-flight variability is observed is about 345 K. Up to this level, WVMR exceeds, at times significantly, 6-7 ppmv, suggesting that air contains a significant fraction of tropospheric origin, i.e. air that has not passed through the tropical "cold trap" tropopause. Between 345 K and 360-380 K, WVMR shows values of about 4 ppmv with little flight-to-flight variability. Such low water vapour values suggest that the direct tropospheric contribution is not significant, though a small fraction of tropospheric origin might still be found at these levels. WVMR averaged over all flights is 4.1 ppmv at 350 K, whereas a minimum of 3.9 ppmv is observed at 365 K (the hygropause level). Given the overall downward transport in the wintertime extratropical stratosphere, the small WVMR increase between 365 K and 350 K might be attributed to transport across the extratropical tropopause.
Estimates of the upper limit for penetration of tropospheric air found in the literature are close to our results. Measurements of reactive organic species (Scheeren et al., 2003) indicate that the fraction of tropospheric air in the mid latitude lowermost stratosphere during March 1997 approached zero at about 350 K. Similar results were obtained by Chen (1995) , who found very little TST in winter above 340 K using semi-Lagrangian transport model simulations. Also, Sprenger and Wernli (2003) showed a clear peak of winter TST in the layer 290-330 K.
More suitable for studies of STE are vertical coordinates that are centred at the tropopause. Figure 1b shows water vapour as a function of height above the lapse rate tropopause (WMO definition). The flight-to-flight variability nearly disappears 2.5 km above the tropopause. This is slightly higher than the value of 1.8 km obtained from Arctic aircraft measurements in mid-winter 2000 (Pfister et al., 2003) . Typical stratospheric WVMR values of less than 5 ppmv are reached already at 1-1.7 km above the thermal tropopause in 9 out of 11 profiles, while only two flights sampled enhanced WVMR higher than two kilometres above the tropopause. In all profiles WVMR continues to decrease with altitude up to the WVMR minimum, which is reached between 2.75 and 5 km above the tropopause. The average over all soundings shows a minimum of 3.9 ppmv at 3 km above the tropopause. Hoor et al. (2004) have shown that the CO distribution in the lowermost stratosphere correlates very well with the distance from the local dynamical tropopause expressed in the potential temperature ( θ d ) and the scatter is significantly reduced compared to θ coordinate. Krebsbach et al. (2006) found a good correlation between θ d and H 2 O and O 3 . Here, θ is calculated with respect to both the thermal ( θ t ) and the dynamical ( θ d ) tropopause. The distribution of the LAUTLOS water vapour measurements in θ t coordinates calculated with respect to the thermal tropopause is shown in Fig. 1c . The flight-to-flight variability almost disappears at θ t =30 K, except for one profile which shows enhanced WVMR at θ t =35 K above the thermal tropopause. However, comparing Fig. 1c and a shows that the scatter of the data is not reduced by the introduction of the θ t coordinate and it is not evident that the water vapour distribution follows the shape of the thermal tropopause rather than the isentropic surfaces. Figure 1d shows the water vapour distribution in θ d coordinates calculated with respect to the dynamical tropopause which is obtained from the ECMWF potential vorticity (PV) and potential temperature fields. To find θ at the dynamical tropopause, the vertical profiles of PV and θ were first constructed at the locations where the balloons crossed the thermal tropopause during descent. Then, θ was interpolated to the level of PV=3.5 PVU. Linear interpolation between model grid points was used both in horizontal and vertical direction. A value of 3.5 PVU was chosen because in a statistical sense it corresponds to the thermal tropopause in the extratropics (Hoerling et al., 1993) . Using the θ d coordinate noticeably reduces the WVMR scatter above the tropopause compared to Figs. 1a through c, with values gradually decreasing with height until stratospheric values are reached at about θ d =30 K. This is slightly higher than the value of 25 K found by Hoor et al. (2004) in CO observations. Note that Hoor et al. (2004) used the 2 PVU surface to define the dynamical tropopause.
Plotting water vapour against a tracer of stratospheric air is another possibility to assess mixing of stratospheric and tropospheric air. Fig. 2 and can be formed only by irreversible mixing of tropospheric and stratospheric air (e.g. Hoor et al., 2002) . The spread of water vapour values decreases noticeably between ozone values of 200 and 300 ppbv, and there is almost no variability above 400 ppbv. This is in agreement with values of 300-500 ppbv noted by Pfister et al. (2003) as an upper limit for the penetration of the tropospheric air into the stratosphere. As it was mentioned in Sect. 2, difference in the sensor response times introduces some uncertainty into these estimations although the effect is not expected to be significant. To determine the depth of the mixing layer, the data in Fig. 2 are colour-coded according to θ . The mixing region extends up to 340-345 K, which is close to the upper level of the flight-to-flight variability shown in Fig. 1a and is slightly higher than the value of 330 K found in aircraft observations of O 3 and CO (Hoor et al., 2002) . This difference may be related to the different tracers or the different measurement technique that was used. Interannual variability in tropopause dynamics cannot be excluded either.
In the tropopause region, a laminated structure in the vertical profiles of trace gases that have a strong gradient across the tropopause is usually indicative of recent crosstropopause transport. These cases are of particular interest in our study. Figure 3a shows the profiles of water vapour and ozone obtained on 17 February 2004. Here, the pronounced WVMR maximum and the corresponding ozone minimum are centred at 330 K, well above the local tropopause (see Table 1 ). This suggests recent transport of air with a large tropospheric fraction that has not yet been mixed with its surroundings. A similar event, but less pronounced and centred at 340 K, was observed on 24 February 2004 (Fig. 3b) . To investigate these events more thoroughly, the meteorological situation of the tropopause region is analysed and discussed in the next section.
Meteorological situation
The measurement period (late January to late February 2004), was characterised by high anticyclonic activity over the Northern Atlantic, which was linked to a negative phase of the Northern Atlantic Oscillation (NAO) index. At the same time the upper troposphere over Northern Scandinavia was mostly dominated by a long wave trough. Accordingly, the average thermal tropopause altitude at Sodankylä was lower than normal. Note that a low tropopause in the Arctic is one of the known characteristics of a low NAO index (Ambaum and Hoskins, 2002) . Only for a short period (18 February-20 February 2004) did an upper-level anticyclone approach the station, and the thermal tropopause rose up to 12.5 km (166 hPa).
During February, several cut-off anticyclones developed over the eastern part of the Northern Atlantic following amplifications of the upper-level quasi-stationary ridge. One such cut-off anticyclone (hereafter A1) formed on 14 February 2004 just north of the British Isles. The development of the meteorological situation at the tropopause level can be seen in Fig. 4 which shows 330 K isentropic maps of water vapour obtained from ECMWF data.
The use of water vapour as a tracer for synoptic-scale transport in the UTLS has been utilized in a number of studies (Appenzeller and Davies, 1992; Gray et al., 1994; Beuermann et al., 2002) . The water vapour distribution is able to reproduce large-scale systems, which appear on more tradi- tional PV maps, and gives a more detailed picture of processes on smaller scales. However humidity values in the upper troposphere are rather uncertain due to few and not always accurate observations. Differences between tracer properties of water vapour and PV were discussed by Simmons et al. (1999) . First, PV, unlike water vapour, is subject to non advective processes like radiation. Second, water vapour in the ECMWF model is defined directly on the model grid, whereas PV is derived from dynamical fields represented spectrally. For these reasons, Simmons et al. (1999) suggested that water vapour provides a record of earlier synoptic events than PV does. It can be added that the vertical gradients of water vapour in the vertical range of interest is stronger than that of PV. Therefore, water vapour shows stronger gradients on isentropic surfaces due to differential advection. Figure 4 shows that an area of higher water vapour (and lower PV) associated with A1 was advected southeastwardly for several days, before it finally dissipated over the Eastern Mediterranean. Note that the centre of A1 is drier than its flanks. This may be explained by saturation and subsequent dehydration that occurred around 12 February 2004 when temperatures at the 330 K isentropic level in the centre of the developing anticyclone were as cold as 200 K (saturation mixing ratio of about 7ppmv). In the early stage of the development of A1, an area of enhanced water vapour became elongated meridionally north of A1 (Figs. 4b-d) At 325 K, 16 ppmv of water vapour were measured, which was the highest WVMR value at this level for the entire campaign. Growing wavelike perturbations along the filament finally led to its break up. However, remnants still appeared in the vicinity of the station on 17 February 2004, 18:00 UTC (Fig. 4g ) when a layer of enhanced water vapour and reduced ozone mixing ratios was observed (Fig. 3a) . During 16-17 February 2004, while the filament was located above the station, Northern Scandinavia was influenced by an upper-level trough and the thermal tropopause in Sodankylä was located at about 310 K. To clearly identify the origin of this moist air, back trajectories were run starting 17 February 2004, 18:00 UTC at 330 K clustered around the station. As shown in Fig. 4 , these trajectories followed the humid filament and on 14 February 2004 some of them crossed the dynamical tropopause at the southern flank of A1 (Fig. 4a) . Since the trajectories are 3-D ones, they deviate with time from the 330 K isentropic surface. However only for the time step shown in Fig. 4a did the deviations become important. For this reason, the trajectories which were in the troposphere on 14 February 2004, 00:00 UTC are shown in red. Note that the trajectories crossed the tropopause before the filament developed. The role of the filament in this case was to transport the moist air deeper into the stratosphere away from the tropopause.
Analyses of water vapour isentropic maps reveal that the development of filaments similar to the one described above often accompany the development of cut-off anticyclones over the Northern Atlantic during January-February 2004. The development of cut-off anticyclones, which from the dynamical point of view can be regarded as products of poleward Rossby-wave breaking, usually occurs in regions of diffluence over the eastern Atlantic and eastern Pacific. Contour advection simulations of these events revealed a structure richer than available in operational analyses at that time (Peters and Waugh, 1996) , including the development of fine scale filaments similar to those shown here in the water vapour fields. Therefore, our case study analysis is useful even from a climatological perspective. Strong distortion of the tropopause associated with Rossby-wave breaking, both poleward and equatorward, is usually followed by non conservative processes such as diabatic heating and cooling or turbulent mixing (Holton et al., 1995) . Low PV anomalies merge with the tropospheric jet a few days after their development and a large part of the tropospheric air contained in the cut-off anticyclones usually returns back to the troposphere. However, our observations demonstrate that processes during the lifecycle of cut-off anticyclones can lead to a noticeable distortion of the chemical composition in the lowermost stratosphere at high latitudes. 
Cross-tropopause flux associated with cut-off anticyclones
It was shown in the previous section that the crosstropopause transport of water vapour occurred at the flanks of the cut-off anticyclone. We now look in more detail on where STE occurred during the event and try to link it to the physical processes. Two primary physical processes are responsible for changes in PV (and therefore for STE), smallscale turbulence and diabatic heating. Only the effect of turbulence is considered in the following. In anticyclones, clear-air turbulence (CAT) can form in the region of strong winds surrounding the anticyclone. CAT, whose importance for STE was recognized long ago (Shapiro, 1980) , can be diagnosed using a turbulence index (TI) (Ellrod and Knapp, 1992) :
where u and v are the zonal and the meridional components of the wind; |V | is the absolute value of the wind; x, y, and z are the horizontal and the vertical coordinates. The probability of the occurrence of CAT is higher where TI is higher. The unit of TI is 10 −7 s −2 . First, we relate PV changes along the trajectories with TI values. Several backward trajectories started on 17 February 2004, 18:00 UTC at 330 K crossed the dynamical tropopause during 5 days of the calculations. The largest number of trajectories crossed the tropopause on 14 February 2004 between 00:00 UTC and 06:00 UTC. Figure 6 shows the initial positions and the end points of these trajectories on 14 February 2004, 06:00 UTC, immediately after they crossed the tropopause. Not only trajectories that start in the vicinity of Sodankylä but also those that start elsewhere in the filament are shown here. High TI values in the vicinity of the end points suggest a high probability of CAT. Note that, while TI is plotted at 330 K, the end points are located on different levels since the trajectories are three-dimensional ones. Figure 7 shows the PV and the TI values along the trajectories. It is seen that the TI values peak on 14 February 2004, 06:00 UTC when the PV values change from tropospheric to stratospheric.
The above analysis shows that TST occurs along the flanks of the anticyclone and also suggests a link between TST and CAT. To verify these results we now consider STE and CAT over the Northern Atlantic and Europe during the period of campaign. There are several studies of STE in the extratropics (Hoerling et al., 1993; Siegmund et al., 1996; Wirth and Egger, 1999; Kowol-Santen et al., 2000; Sigmond et al., 2000; Wernli and Bourqui, 2002) , which are based on analyzed winds and focused on the estimation of local instantaneous CTF. These studies applied both Eulerian methods based on Wei's formula (Wei, 1987) and Lagrangian methods based on trajectory calculations. Siegmund et al. (1996) found that for accurate estimates of the local and instantaneous CTF, the spatial and temporal resolution of the analyzed data should be at least 1 • ×1 • and 6 h, respectively. In the present study, the transport of air through the tropopause is investigated using a trajectory model and analyzed winds from the ECMWF model version T511L60 (horizontal resolution 0.5 • ×0.5 • and temporal resolution 6 h). The method used here is based on the formula by Wei with PV as a vertical coordinate. The CTF is defined as:
where p is the pressure and g is the acceleration due to gravity. The unit of F is kg m −2 s −1 . Following Sigmond et al. (2000) the material derivative of PV is estimated using a Lagrangian approach. 6 h forward and backward trajectories are initiated at each grid point and PV values at the end points of trajectories are used for the estimation of the PV tendency. The partial derivative ∂p ∂PV is calculated on each grid point by using pressure values on PV levels adjacent to the tropopause. Due to the combination of calculations on the grid and along the trajectories this method can be considered as "semi-Lagrangian". Fluxes are calculated through the 3.5 PVU isosurface of PV used to define the dynamical tropopause. We concentrate our analysis on the period from 14 to 19 February 2004, which largely covers the lifetime of A1.
Examples of CTF and TI fields for selected dates are shown in Fig. 8 . It is seen that the strongest fluxes (upward and downward) are concentrated in the tropopause-slope region, i.e. along the potential temperature contours in Fig. 8 . Note that the concentration of potential temperature contours also marks regions of strong winds. On 14 February 2004, 18:00 UTC (Fig. 8a) , the jet stream bends around A1 centred east of Iceland. On 15 February 2004 (Fig. 8c) , the jet stream moves with A1 towards Scandinavia, weakening at the same time. By 17 February 2004, when A2 starts forming over the Northern Atlantic, the jet stream intensifies over the Greenland Sea (Fig. 8e) . It is also seen that the strongest fluxes often coincide with areas of strong turbulence near the jet stream (Figs. 8b, d, f) . This subjective conclusion is supported by the correlation between the area-integrated CTF and TI. Figure 9 shows a time series of the area-integrated These results are statistically significant at the 95% confidence level and suggest that the turbulence at the flanks of cut-off anticyclones can be important for the transport across the tropopause. However, while the correlation between the TI values and the downward fluxes is fairly insensitive to changes in the area of integration, the correlation between the TI values and the upward fluxes changes significantly. For example, moving the southern border of the integration area northward improves the correlation while extending the area southward by some ten degrees decreases the correlation coefficient to insignificant values. This suggests that other processes than CAT might be more significant for the upward transport. Studies involving radiative calculations are required in order to achieve a solid conclusion on contribution of different processes to STE. of strong upward fluxes are seen adjacent to remnants of the filament (i.e. areas of higher potential temperature) south of Spitsbergen and north of Greenland. A noticeable decrease in filament size, which is observed at the same time, suggests that these fluxes are associated with the decay of the filament.
The fluxes shown in Fig. 9 have been integrated over the whole domain including areas not coloured in Fig. 8, where absolute values of the fluxes are small (less than 3×10 −2 kg m −2 s −1 ). It is therefore necessary to comment on the contribution and significance of these "weak" fluxes. During the study period "weak" fluxes contribute on average 29% and 36% to the analysed upward and downward fluxes integrated over the whole domain and do not reveal any noticeable response to changes in the meteorological situation.
Though one can argue that this is a significant contribution to the quantitative estimations shown in Fig. 9 , our conclusions concerning the regions of a prime importance for the STE remain nevertheless valid. A part of the "weak" fluxes can be attributed to numerical noise; however, there is no clear way to choose a threshold for a separation between real transport and noise (see Gettelman and Sobel, 2000) .
Finally we note that results similar to those discussed in this section are found when forecast data are used instead of analysis.
Conclusions
Balloon-borne water vapour measurements obtained during the LAUTLOS campaign in January-February 2004 at Sodankylä, Finland, 67 • N were used to analyse the water vapour distribution in the wintertime Arctic lowermost stratosphere and to identify mechanisms that are important for the formation of the observed distribution. A significant variability of water vapour due to synoptic processes at the tropopause was observed up to 345 K with much smaller variability in the upper part of the lowermost stratosphere (up to the stratospheric polar vortex). The layer above the tropopause that is significantly influenced by transport through the extratropical tropopause is approximately 2.5 km (or 30 K in the potential temperature) thick and follows the shape of the dynamical rather than the thermal tropopause. Cross-correlation analyses of ozone and water vapour confirm that this layer contains a mixture of stratospheric and tropospheric air. Water vapour concentrations continue to decrease up to about 365 K (3-5 km above the thermal tropopause), the level of the hygropause, and an influence of the extratropical troposphere up to the hygropause cannot be excluded. Indeed, there are observational evidences for transport of tropospheric ozone up to 360-380 K in winter (Vaughan and Timmis, 1998) .
The distribution of water vapour up to 345 K was strongly influenced by transport processes associated with cut-off anticyclones which were active during the campaign over the Northern Atlantic. Filaments, which quite often accompanied development of the cut-off anticyclones during late winter 2004, were sampled by balloons as layers of enhanced water vapour and reduced ozone centred at 330-340 K. The filaments were resolved by the ECMWF analyses. This demonstrates that the ECMWF model can successfully reproduce, at least qualitatively, details of the water vapour distribution in the lowermost stratosphere. Analysis of one such case shows that the air contained in the layer had been transported through the tropopause before the filament developed. The role of the filament was to transport the air enriched with water vapour deeper into the stratosphere.
Calculations of the CTF over the Northern Atlantic and Europe show that two-way STE occurs mainly in the tropopause-slope regions i.e. regions where isentropic sur- faces cross the dynamical tropopause. The strongest CTF of both signs were observed around cut-off anticyclones. This suggests that a part of the STE there is reversible: a particle can easily cross the tropopause up and down. Filamentation involves the air above the tropopause and the air is transported away from the region where it can easily return to the troposphere, hence more likely contributing to the irreversible exchange and formation of the mixing layer.
Since surroundings of anticyclones are a region where CAT can develop, an attempt was made to connect STE with CAT. Trajectory analysis shows that the moist air mass sampled above the tropopause in one of the soundings crossed the tropopause in a region characterised by high TI, which suggests a high probability of CAT there. This result evidences that CAT plays a role in the TST and is in line with Traub and Lelieveld (2003) , who have found a connection between the upward flux and the CAT, associated with the monsoon circulation over the eastern Mediterranean in summer. However, while statistically significant correlation is found between the downward CTF and the TI values over the Northern Atlantic and Europe during the period of campaign, the correlation between the upward fluxes and the TI is weak. Further studies involving radiative calculations are required before a solid conclusion on the relative importance of different processes for STE can be achieved.
